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Abstract

Two processes have been proposed to explain observations of crystalline silicate minerals in comets and in protostellar sources, both of w
rely on the thermal annealing of amorphous grains. First, high temperatures generated by nebular shock processes can rapidly produce cryst
magnesium silicate grains and will simultaneously produce a population of crystalline iron silicates whose average graii@iZksk that of
the magnesium silicate minerals. Second, exposure of amorphous silicate grains to hot nebular environments can produce crystalline magne
silicates that might then be transported outward to regions of comet formation. At the higher temperatures required for annealing amorph
iron silicates to crystallinity the evaporative lifetime of the grains is much shorter than a single orbital period where such temperatures are fou
in the nebula. Thermal annealing is therefore unable to produce crystalline iron silicate grains for inclusion into comets unless such grains
very quickly transported away from the hot inner nebula. It follows that observation of pure crystalline magnesium silicate minerals in comets
protostars is a direct measure of the importance of simple thermal annealing of grains in the innermost regions of protostellar nebulae follov
by dust and gas transport to the outer nebula. The presence of crystalline iron silicates would signal the action of transient processes suc
shock heating that can produce crystalline iron, magnesium and mixed iron—magnesium silicate minerals. These different scenarios result in:
different predictions for the organic content of protostellar systems.
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1. Introduction cation of the presence of crystalline silicates in cometary dust.
More recently, crystalline olivine and orthopyroxene have been
Campins and Ryafi1989; Ryan and Campins, 199fijst iFjentified in Comet C/2001 Q4 (NEAT) viq 10-micron observa-
proposed the presence of crystalline silicates in Comet Halions (Wooden et al., 2004)There is considerable controversy
ley, based on the presence of an 11.2-micron shoulder withifoncerning the origin of these crystalline grains.
the broad 10-micron silicate-stretching mode. This shoulder AS Much as 5% of the interstellar silicate grain popula-
seemed consistent with the presence of the mineral forsteriflPn could be crystalline, yet sill lie below our current lim-
(Mg»SiOy). Until that time, silicates in comets were thought to 'S ©f detection(Li and Draine, 2001)It could equally well
be primarily unprocessed, amorphous interstellar grains coaté?)e true _that any crystalline silicates injected into the interstel-
by water ice containing various impuriti€¢&reenberg, 1983) I‘fﬂ medu_;m becon]e amorphous after long exposure to galac-
The Infrared Space Observatory (ISO) was used to obsenfi cosmic rays(Kra.tschmer and Huffman, 1979; Day, 1977,
crystalline silicates in the dust around Comet Hale—Bopp (e.g.l:,)emyk etal, 20_01’ B”_J(_:ato et al., 2008ased on the struq-
Crovisier et al., 1997, 2000As the peaks observed near 33 ture of the 10-micron silicate feature measured along a single

and 69 microns are due to phonon transitions in the crystallin!alne of sight towards th galactic cer?teQemper et a}l. (2(.).04)
calculated an upper limit on the fraction of crystalline silicates

silicate lattice, the ISO observations are an unambiguous indl .
9 along that very long path to be2+ 0.2%. Finally, observa-
tions of the spectral evolution of silicate grains in Herbig Ae/Be
* Corresponding author. Fax: +1 301 286 1683. Stars appear to indicate that the degree of crystallinity increases
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1999)provided that no stellar companions are present to comneal to produce mixed iron—-magnesium silicate crystals. Per-
plicate nebular evolution. These observations, based on a vehaps shocks tend to disrupt grain aggregates before ambient
small sample of stars, argue that processes within the protosteemperatures can become sufficiently high to either weld small
lar nebula itself are responsible for the production of crystallinegrains together or cause such grains to anneal. Or perhaps ag-
silicates. It should now be possible to test this trend for a muclgregates simply tend to anneal closer to their high temperature
larger sample of protostars using Spitzer (previously known asnd member. No matter the reason, mixed iron—-magnesium sil-
the Space Infrared Telescope Facility, SIRTF) observations. icate crystals have not yet been observed and are not included
One of us(Nuth, 1999)previously argued that the presence in these calculations.
of crystalline silicate grains in comets must be the result of
thermal annealing of amorphous silicates within the inner re2.2. Shock heating
gions of the primitive solar nebula, followed by transport of
the new crystalline solids out beyond the nebular snow line in  Harker and Desch (2002glculated that it was possible for
winds flowing well above and below the disk out to distancesshocks to heat silicate grains to sufficiently high temperatures
where the grains and ices they carried could be incorporateh produce magnesium silicate crystals using the Silicate Evolu-
into newly forming cometg¢Nuth et al., 2000a, 2000b; Hill et tion Index ofHallenbeck et al. (2000Hallenbeck et al. (1998)
al., 2001) One source of such winds might be the magnetonoted that iron silicates [i.e., amorphous ferrosilica smokes
hydrodynamic interactions that Shu has proposed to produamnsisting of maghemite/(Fe;Os) and silica(Rietmeijer and
chondrules in the primitive nebulghu et al., 1996)or they  Nuth, 1991) appear to anneal on the same timescale as mag-
may be driven by interactions between such forces and nebulaesium silicates, provided that their ambient temperature is at
turbulence, or even by terms typically left out of model calcu-least 300 K higher than that of the magnesium silicates. We note
lations for simplicity (Prinn, 1990; Stevenson, 19903 new  here that 300 K is a very rough estimate for the difference in an-
model of transport in the solar nebulBoss, 2004)actually  nealing temperature between magnesium and iron silicates, but
shows that materials readily move both inwards and outwardwill argue later that this estimate is of sufficient accuracy for
in the nebula prior to the formation of the giant planets. Noour purposes. Moreover, the calculations doneHayker and
matter the source, no observational evidence for the existendgesch (2002used a 50/50 Fe/Mg silicate grain: magnesium
of such transport processes yet exists. In contidatker and  silicate grains would therefore get a bit hotter while iron sili-
Desch (2002have suggested that shock waves in the outer solarate grains would remain cooler than the values calculated by
nebula could anneal the amorphous silicates to crystallinity itHarker and Desch based on grain density and heat capacity con-
situ prior to their incorporation into comets, thereby eliminatingsiderations for similar sized grains.
the need for large-scale nebular transport processes. Similarly, Alternatively, as iron is often considered to be the constituent
there is yet no observational evidence for the existence of sudhat renders both circumstellar and interstellar grains “dirty”
shocks. (Jones and Merrill, 1976; Ossenkopf et al., 1988) since ra-
Observational tests to distinguish between thermal annealindjatively heated dirty grains become hotter than clean grains,
in the inner nebula and shock heating in the outer nebula hawestimates of grain temperatures in shocks based upon a 50/50
previously been propos€#iill et al., 2001; Harker and Desch, mix of magnesium and iron in a silicate could potentially un-
2002) but all such tests involve long-term cometary observa-derestimate the temperatures of the pure iron silicates while
tion programs. Here we propose a direct and definitive observasverestimating the temperatures of the pure magnesium sili-
tional test to distinguish between the relative importance of theates of the same grain size in an optically thick environment.
two models for the origin of crystallinity in cometary grains: In an optically thin region of the nebula the greater emissiv-
namely, the presence or absence of crystalline iron-bearing siity of the iron silicate grains could result in lower peak tem-

icates in the grain population. peratures. Measurements of the rate of annealing and spectral
evolution of amorphous iron silicate condensates, or of mixed

2. Nebular processing iron—magnesium silicate condensates, as a function of temper-
ature do not currently exist but would be quite useful.

2.1. Grain properties Table 1lis based on the results providedigrker and Desch

(2002) for 50/50 Fe/Mg silicate grains and shows the maxi-

For these calculations we maintain that there exist separataum temperature reached by specific diameter grains during a
populations of amorphous magnesium silicate and amorphowshock event that occurs in a medium of specific density. Values
iron silicate grains that either survive from their formation in marked with an asterisk«} represent our interpolations or ex-
circumstellar outflowgRietmeijer et al., 1999%r are formed trapolations, as appropriate, for this maximum (calculated using
via the evaporation and recondensation of presolar silicates simple cubic polynomial) based on the values originally tab-
(Nuth et al., 2002)These separate grain populations then fol-ulated byHarker and Desch (2002yig. 1 graphically presents
low the Mathis et al. (1977%size distribution. For simplicity the temperature data ifable 1
we do not include mixed amorphous iron—-magnesium silicate A quick look at Table 1reveals that 1 micron-diameter
grains. Such grains have not been observed though, in princ{0.5 pum radius) silicate grains can reach temperatures in ex-
ple, there seem to be no reasons why small, amorphous iraress 0f~1100 K. These grains will therefore easily anneal on
and magnesium silicate grains could not coagulate, then artimescales of a few seconds if they are pure magnesium sili-
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Table 1 point where iron—silica phase separation has occyBeatley,
Peak temperatures for different grain sizes of (\gey.5)SiOz heated by an  1994) could react at 1400-1500 K to produce crystalline iron
accretion shock silicate minerals provided that these small grains begin to
Ambient gas density, 0.01pm 0.10pm 0.25pm 0.50 pm 1.0 um achieve chemical equilibriurgBrucato et al., 2004)

p(gem) ) ®) ®) ® (9 As smaller cometary grains are typically heated to higher
031077 1301 1100 895 794" 670 temperatures in the ambient solar radiation field, the population
L.0x 10:13 1508 = 1305 1095 990 920 of smaller, iron silicate crystals should be readily observable in
g:gi 18_10 122: ijg; 11227179 111%0 1112‘:’)5 cometary comae if the population of larger magnesium silicate
5.0x 1010 1718 15460 1362° 1255 1200  crystalsisseen.

100x 1010 1810° 1650 477" 137" 1300

&3. Thermal annealing

* Extrapolated and interpolated values are based on peak temperatures
tained from the shock models barker and Desch (2002)

The temperature gradient in the solar nebula is reasonably
well defined (e.g.Woolum and Cassen, 19p8nd increases
slowly from ~150 K near the Jupiter—Saturn formation region
to ~1000 K near 1 AU. The temperature continues to climb as
one approaches the early Sun, though the profile here begins to
depend on the details of how the dust disk interacts with the
protostar. We follow a monotonic temperature increase as the
grains move inward. The grains move inward due to gas drag
on loose aggregates in Keplerian orbits or due to the slow mi-
gration of gas and dust through the disk on its way to accretion
in the protostar. Such inward migration occurs over many or-
bital periods. Grains exposed to high temperatures (e.g., 1300—
1400 K) in this scenario have already spent many years at
i 1 slightly lower temperatures (e.g., 1100-1200 K). This slow mi-
800 _/_.»" i gration through successively hotter layers of the nebula adds

an extra dimension to thermal annealing and the production of
crystalline minerals: grain survival.
0 2 4 6 8 10 12 The lifetime of an individual grain at a given temperature is
inversely proportional to its vapor pressurX[l')], surface area
[4777?], the rate at which the vapor expands from the vaporizing
Fig. 1. Peak temperatures reached during a shock event for different sized radiggain [(Z”RT/M)_l/Z] and roughly proportional to its mass
50/50 Fe/Mg silicate grains in a medium of a specific density Taéée ). [4/3p7r®]. Combining these terms, a rough estimate for the

grain lifetime ¢) is given by
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categHallenbeck et al., 2000Dne can also see that for shocks 12
at the same density, 0.1 micron radius grains reach tempera™ rp[27 RT/MT7%/[3P(T)], @)

tures in excess of 1400 K while grains only 0.01 micron inyherep is the grain density; is the grain radiusg is the ideal
radius are heated to nearly 1600 K. Even amorphous iron siligas constantl/ is the mass of the vaporizing species [here SiO
cates will anneal to crystallinity on timescales of a few secondg 44 amu],T is temperature and(T) is the effective vapor
at 1400 K, though at much higher temperatures the smaller rgyressure of the grain material. For this set of calculations we use
dius grains might evaporate. For slightly higher densities evethe vapor pressure of SiO over silica obtained from the work of
a 0.25 micron-diameter (0.125 um radius) amorphous iron siliShornikov et al. (1998, 1999, 2008} a proxy for the vapor
cate grain should become crystalline, while at densities slightlyyressures of both amorphous iron silicate and amorphous mag-
in excess of 10« 1071% gcm 3 even 0.5 micron-diameter iron nesjum silicate. Because these measurements were obtained un-
silicate grains can be shock heated to temperatures in excessd¥r somewhat oxidizing conditions and in the presence o5 SiO
1400 K, and thus become crystalline, though smaller grains wilolid, we consider them to represent effective lower limits to
surely lose mass as they both evaporate and anneal. the actual vapor pressure of SiO in the low pressure environ-
One product of shock heating events in the primitive solament of the solar nebula. Note that we have not accounted for
nebula will therefore be a population of crystalline magne-the decreasing mass flux from the grains as they evaporate, due
sium silicate grains extending up to a specific size range, whiléo decreasing surface area. This effect will be most serious in
larger silicates remain amorphous. Shocks will also producestimates of the lifetimes of the largest grains.
crystalline, iron silicate grains (of smaller diameter than the For these calculations we will ignore the fact that some of the
crystalline magnesium silicates) while a population of largeryaporizing species can recondense onto the grain surface, even
amorphous iron silicates remains unannealed. Note that evehough this process can reduce the effective vapor pressure—
iron silicate grains that have been irradiated in the ISM to theand thus extend the grain lifetime—by as much as a factor of
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Table 2 o"\ » S eq,\
Log(seconds) of grain lifetime vs temperature and radius ,\\\ \6 \@ \‘\
1000K 1100K 1200K 1300K 1400K 1500 K | | L |
10,000 nm 1318 1123 935 776 64 5.24 L L ' '
1000 nm 1248 1023 835 676 54 424 1500 |
100nm 1148 923 735 57 44 324
10nm 1048 823 635 476 34 224

Note. 1 hour= 3.56, 1 day=4.94, 1 month= 6.43, 1 year= 7.50.

1400
fifty. The exact value of this factor (the accommodation co-
efficient) is the subject of considerable debésehaefer and
Fegley, 2004)and is intimately connected to measured valuesx
of the SiO vapor pressure. However, the accommodation coeffig 1300
cientis likely to decrease at lower pressures and could therefor;?é
be relatively insignificant in the solar nebula. It is sufficient for S’
our purposes here to acknowledge that the grain lifetimes thag 1200
are calculated based on the use of @) could be considerably 2
longer in the unlikely scenario where the appropriate value of
the accommodation coefficient for vaporization of SiO in the
solar nebula is nearer to 50 than to 1. Alternatively, under more 1100
reducing conditions the vapor pressure of SiO could be more
than four orders of magnitude higher than the values we use
here (Schick, 1960) Although high values of the accommo-
dation coefficient would offset the effects of this higher vapor
pressure to some degree, there is little doubt that under reduc- ol N
ing conditions, the lifetimes of grains would be considerably 2 4 6 8 10 12 14
shorter than we have shown Table 2 In this study we have
chosen to err on the side of grain survival and have therefore
potentially overestimated the lifetimes of hot iron silicates.  Fig 2. Grain lifetime in log(seconds)—grain radius indicated on plot feee
To balance this uncertainty, we note that our simple calcusle 2.
lation of an evaporative lifetime does not account for the inte-

grated effect of the grains’ long exposure to lower nebular temit is unclear how long grains might be exposed to the highest
peratures prior to reaching the specific temperature of interesfemperatures at the outer surface of the nebula before falling
In addition, we do not know how long grains remain exposechack to the midplane: alternatively, it is not really clear how
to such high temperatures once they are annealed before thgyey would be lofted either above or below the nebular midplane
are transported out to cooler temperatures. At a minimum Weh such a scenario. If it is possible to expose grains to the hot
suggest that grains are exposed to the highest temperatures e¥rface for only very brief periods, then it should certainly be
perienced for a length of time that is comparable to that of arpossible to form both crystalline magnesium silicates as well as
orbital period. Thus, we assume that grains exposed to nebirystalline iron silicates by this mechanism. Again, it is unclear
lar temperatures 0f1000-1100 K must be able to survive for how grains would be rapidly exposed to such an environment
~1 year, while grains heated t81300-1400 K need only sur- that would, by nature, be relatively stagnant: if stagnant, then
vive for a few months before they are transported to a coolepne would expect that regions that were hot enough to produce
environment. Of course if the average time required for an aniron silicate minerals, would also vaporize them in rather short
nealed grain to be transported outward is on the order of 10 terder.
20 orbital periods, then the grain must survive that much longer.
Such longer timescales might be achieved by using a morg.4. Comet formation
realistic value for the accommodation coefficient for SiO va-
porization; if an accurate value for this constant were available Weidenschilling (1997has modeled the formation of comets
and more accurate estimates of grain lifetimes were warrantedising the minimum mass solar nebula as his starting point. In
In the calculations above we had assumed that the annealinkiis model, icy grains begin to stick together into larger aggre-
took place near the nebular mid-plane where frictional turbugates at nebular radii out to about 200 AU. As these aggregates
lence provides the energy for heating the disk. However, it haaccrete more ice and dust, gas drag gradually slows them down
been suggested that the vertical structure of the nebula could laed they begin a very long process (up~t©00,000 years) of
affected by heating of the top and bottom of a flared disk byspiraling in towards the protosun until they are either ejected
the protostar: in the most extreme cases, the disk would be stérom the system or placed into the Oort cloud by gravitational
bilized against thermal convection because the top and bottointeraction with a gas giant planet. One other option is that they
could be hotter than the mid-plane. Under these circumstancesight grow sufficiently large that they break free of the gas out

1000

Lifetime, log(seconds)
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beyond the orbit of Pluto and take up permanent residence ial., 2000a, 2000bhave argued that the compositions of vapor-
the Kuiper belt. The minimum mass solar nebula is, of coursephase condensates lie at metastable eutectics in the appropriate
a lower limit and in more massive nebulae comets will certainlybinary or ternary phase diagrarfRietmeijer and Nuth, 2000)
grow faster and their greater mass will more readily free thenThese results are consistent with both astrophysical observa-
from gas drag at greater orbital radii. Nevertheless, even in ions (Rietmeijer et al., 1999and with the analyses of more
fairly massive nebula the original grain aggregates for cometdown to earth materials such as coal fly g8hetmeijer et
in the Oort cloud could begin to form out at distances approachal., 2000) The implications of such studies are that oxygen-
ing 20-50 AU. rich stellar or nebular condensates would be pure, amorphous,
Crystalline minerals observed in comets most likely comdron- or magnesium-silicates: no mixed iron—-magnesium sili-
from multiple jets originating from vents of various depths ascate grains condense directly from the vafiuth et al., 2002)
well as surface regions. If crystalline minerals were produced/iore complex compositions could result from grain aggrega-
preferentially in the highest density regions of the nebula, neation followed by thermal annealing of the aggregate. However,
the giant planets, then one might expect that these minerateese would be much larger grains than are found in the original
would be distributed on the surfaces of cometesimals that hacbndensate population and we do not yet know how the thermal
aggregated much further out in the nebula and finished gronannealing rate depends on the Fe/Mg ratio or overall composi-
ing near the regions of the giant planets at approximately 5 t¢ion of the grains.
10 AU. This distribution of crystalline material on such comets One final complication is that crystalline iron and mag-
would be much like sugar on the outside of a doughnut. Onceesium silicate minerals are known products of parent body
these comets had made several passes around the Sun, mpebcesses and are certainly present in a large number of me-
of this outermost material should have been lost. Yet it apteorites. Disruption of parent bodies could therefore provide a
pears that the crystalline grains are distributed throughout theource of crystalline iron silicate, crystalline magnesium sili-
comets whenever they are observed. This implies that crysate and mixed iron—-magnesium silicate minerals that might
talline grains must either be transported outwards from nednave been incorporated into comets, provided that outward
10 AU to become incorporated into the smallest cometary actransport of such debris is possible.
cretion units, or that shock processes must still produce such FromTable 2it is clear that even the smallest grains survive
materials even at very low densities in the far reaches of théor many years, even centuries, at the temperaturd4Q0 K)
outer nebula. As models of shock heatifitarker and Desch, required to produce crystalline magnesium silicate grains from
2002) demonstrate that the latter scenario is unlikely, we aremorphous precursors via thermal annealing at the mid-plane.
left to conclude that a transport mechanism must exist to bring hese same grains survive much less than a day at the tempera-
crystalline materials out to the region where the first cometaryures required to thermally anneal amorphous iron silicates to
aggregates formed. If a mechanism exists to transport grairgystallinity (1300-1400 K). Even the largest grains (10 mi-
from ~10 out to~50 AU, then such a mechanism may alsocrons in radius) only survive for a few months at such high
transport grains from inside 1 AU to similar or even greater distemperatures, though the evaporated cores of these grains might

tances (e.gBoss, 2004 produce crystalline iron silicates containing large quantities of
refractory impurities.
3. Results These results demonstrate that simple thermal annealing in

the mid-plane of the solar nebula cannot easily produce crys-

Table 2shows the logarithm of the grain lifetime in sec- talline iron silicate minerals, though this process is perfectly ca-
onds as a function of the grain radius in nanometers and thgable of producing crystalline magnesium silicate grains. From
nebular temperature. Note that laboratory-produced grain corBection2.2, we recall that shock—induced annealing produces
densates are often on the order of 10 to 20 nm in ra@hlugh  both crystalline magnesium silicates plus a smaller grain-size
et al., 2002)while the “average” interstellar grain has a radius population of crystalline iron silicates. As noted above, par-
of ~100 nm (Mathis et al., 1977)It is possible that “aver- ent body processing could also produce crystalline iron- and
age” interstellar grains are simply aggregates of the smalleamagnesium-silicate minerals. We therefore suggest that the
condensategMathis, 1996)from circumstellar environments fraction of crystalline magnesium silicate grains observed in
that coagulate either in the stellar outflow or in the interstel-comets, or in protostellar nebulae, can serve as a direct measure
lar medium. One to ten micron-sized grains become increassf the relative importance of simple thermal annealing followed
ingly rare in the interstellar mediurfMathis, 1996; Mathis by outward transport of grains and gas in winds flowing high
and Wallenhorst, 1981but are certainly present in meteorite above and below the plane of the disk, while the detection of
matrix (Scott et al., 1988)Of course Solar System aggre- crystalline iron silicates would indicate the importance of other
gates could also contain materials that have been significantiyrocesses such as shocks, in making crystalline grains.
processed in the nebula as well, including both fresh conden-
sates as well as metals and annealed g(Miadster et al., 2002; 4. Discussion
Bradley et al., 1999)

The composition of individual 10—-20 nm grains is a bitmore  As noted above, there may be many different ways to pro-
problematic than the size distributions of the aggregates. In duce crystalline iron-bearing silicates, such as pure fayalite
series of publications, Rietmeijer and colleagues (&lgth et  or an iron—-magnesium olivine. If only amorphous iron- and
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magnesium-silicate grains exist in the nebula then shock heabr 10 AU. A brief period of elevated nebular temperatures only
ing will produce both crystalline iron- and magnesiume-silicateslightly modifies the gas phase chemistry and evaporates ices
grains. Similarly, grains heated for brief periods at the top ofcondensed on grains (that are then annealed). Many constituents
the nebula or grains produced in a parent body then released loy these ices would remain unchanged by the shock (e.g., the
collision will also consist of both iron- and magnesium-silicatebulk of the O and simple hydrocarbons) and would recon-
minerals. Though little is known concerning the conditions re-dense on the surfaces of grains following passage of the shock.
quired to anneal mixed iron-silicate, magnesium-silicate aggrethese grains would then aggregate into cometesimals that al-
gates to crystallinity, one might suppose that it would depend toeady contain unprocessed interstellar materials accreted prior
some extent on the iron/magnesium ratio of the aggregate artd the shock. Materials produced in the interstellar medium
should to first approximation fall between the temperatures refGreenberg, 1983yould therefore dominate the organic chem-
quired to form crystalline magnesium silicates1(100 K) and  istry of comets, with only a modest contribution from chemical
those required to form crystalline iron silicates(400 K). processes in the nebula unless shocks occurred at very high fre-

Although there appear to be several potential processes thatiency.
could produce mixed populations of both crystalline iron and Alternatively, if thermal annealing insidel AU produces
magnesium silicate grains, there appears to be only one scthe crystalline silicates observed in comets, then both grains and
nario that will produce pure magnesium silicate crystals whilegas must be transported outward in order to be incorporated into
leaving all other grains amorphous. Magnesium silicate grainsomets(Hill et al., 2001) The rates of chemical reactions are
in Keplerian orbits around the protostar can be annealed to crysften exponentially dependent on increasing temperature and at
tallinity and still survive for reasonably long times, whereasleast linearly dependent on increasing pressure. More often, re-
amorphous iron silicates that get hot enough to crystallize alsaction rates increase as the second or third power of the total
vaporize on very short timescales. If a small fraction of the duspressure. The chemistry of the inner nebula is therefore much
in the disk can be transported outward &0 AU and possi- more complex than that of the cold, low-density outer nebula.
bly even much farther out) in winds that flow above and belowThe high temperatures and higher pressures of the inner nebula
the mid-plane, then newly forming comets could be suppliedare sufficient to drive Fischer Tropsch-type surface-mediated
with crystalline magnesium silicate minerals plus amorphouseactiongKress and Tielens, 200n grains that can convert
dust, consistent with astrophysical observations. ambient CO, N, and H into high molecular weight hydrocar-

When one considers all of the processes that might produdeons, including alkanes, alcohols, poly-aromatic hydrocarbons,
mixed populations of crystalline iron- and magnesium-silicateamines, amides, and organic ac{#ll and Nuth, 2003)
minerals, or olivines and enstatites of intermediate composi- The conversion of a significant fraction of nebular CO and
tion, itis indeed remarkable that the infrared spectrum of Comell, into complex hydrocarbons could vastly increase the organic
Hale—Bopp is consistent with a crystalline dust population thatontent of protostellar systems compared to scenarios where
is more than 90% magnesium silicate minerals—with no evisuch species are produced exclusively in the ISM and may even
dence at all for the presence of crystalline iron silicékésIster  be destroyed by nebular processes. The transport of such ma-
et al., 2003; Wooden et al., 2004)f course the spectrum of terials out to the~100 AU regions (e.g.Boss, 200% where
one or two comets alone do not prove the hypothesis that thecomet formation begin@Veidenschilling, 1997Ayould, in turn,
mal annealing of dust in the inner nebula, coupled with arseed high concentrations of complex organics throughout the
unidentified transport mechanism, seeded the outer nebula witiebula. Complex organic materials would certainly be accreted
crystalline magnesium silicates. Many more observations botmto comets, but would also be found in the moons around gi-
of modern protostellar systems and of comets in our own Soant planets as well as in the asteroids and terrestrial planets of
lar System will be needed before the case is settled. Luckilythe inner nebula. This latter scenario is very conducive to Solar
Spitzer results should soon be able to either confirm or reSystem-wide chemical evolution leading to the origin of life,
fute such a hypothesis by placing an upper limit on the irorboth in the primitive solar nebula and in more modern proto-
content of crystalline dust in these objects using far-infraredstellar systems that most likely form by similar mechanisms.
spectroscopy.

Shock-induced grain annealing occurs at orbital frequenc. Conclusions
whenever gravitational instabilities form clumps or nonaxi-
symmetric density structures in the difRoss, 2000, 2001a, Shock-induced grain annealing should produce different
2001b) or randomly as the result of other disk processegyrain-size populations of both crystalline iron silicate miner-
(Harker and Desch, 20023imple thermal annealing is a nearly als and crystalline magnesium silicate minerals and there may
continuous low-level process that occurs to material in the inbe additional nebular processes that could produce both iron
ner regions of the nebula throughout the lifetime of the diskand magnesium silicate crystals. Simple thermal annealing due
However, it is important to recognize that the chemistry of pro-to high ambient temperatures in a protostellar nebula can only
tostellar disks can be vastly different under these two scenarigeroduce crystalline magnesium silicate minerals. At ambient
for making crystalline silicates. In shock events, species formetemperatures high enough to crystallize iron silicates, the life-
in the dark cloud phase of the interstellar medium would be onlime against grain evaporation is so short that it is highly un-
slightly modified by the very short duration temperature in-likely that such annealed grains would survive long enough
crease they experience in the disk as they migrate inwaréto to be transported to the outer nebula. Crystalline iron silicate
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